Modeling preferential water flow and solute transport in unsaturated soil using the active region model 
Introduction
Preferential flow is a common phenomenon in the natural unsaturated soil (Heppell et al. 2000; Quisenberry et al. 1994) . Preferential flow generally results in fast contaminant transport (Gjettermann et al. 1997; Morris and Mooney 2004; Reichenberger et al. 2002) , and thus greatly increases the risk of groundwater contamination (Goulding et al. 2000; Jarvis 2000) . Recent research results show that the preferential flow and solute transport in the unsaturated soil display fractal properties (e.g., Glass 1993; Öhrström et al. 2002; Persson et al. 2001; Smith and Zhang 2001) . Liu et al. (2005) indicate that a key to successfully characterize preferential flow is to incorporate fractal or multi-fractal patterns into the model. Based on the fractal characteristics of preferential flow patterns, Liu et al. (2005) develop an active region model (ARM) to describe the macroscopic behavior of preferential flow and transport in the soil. The ARM is an extension of the active fracture model (AFM) developed for modeling unsaturated flow and transport in the fractured rock (Liu et al. 1998 (Liu et al. , 2003 . Sheng et al. (2009) demonstrate that the ARM is able to capture the major features of the observed flow patterns under different infiltration conditions, and revealed that ARM parameter (  ) used for describing the flow heterogeneity may be scale independent within their experiment scales.
Similar to the mobile and immobile regions in the dual-domain model (Šimůnek et al. 2003; van Genuchten and Wierenga 1976) , in the ARM the whole flow region is divided into the active and inactive regions. However, the mobile region in the dualdomain model is fixed in the flow process, whereas the active region in the ARM is fractal and changeable, and the relative portion of the active region is expressed as a function of the soil water saturation in the flow region. The treatment of flow region in the ARM is consistent with the field observations (Larsson et al. 1999; Liu et al. 2005; van Dam et al. 1996; Sheng et al. 2009) . While the previous studies on the ARM mainly focus on its constitutive relationship (Liu et al. 2005; Sheng et al. 2009 ), in this study, derivation and evaluation of ARM governing equations are presented for preferential water flow and solute transport in the unsaturated soil.
Dye infiltration experiments are being increasingly used to study the details of soil water flow from direct visualizations of flow paths (Morris and Mooney 2004) . Owing to the high water solubility, limited toxicity, similar transport property to water, low adsorption in sand soil, and distinct visibility, food-grade dye pigment Brilliant Blue FCF has been considered as an excellent dye tracer for field experiments of soil water flow and solute transport (Flury and Flühler 1995; Kasteel et al. 2002; Ketelsen and Meyer-Windel 1999; Morris and Mooney 2004) . The flow patterns can be characterized from the dye distributions for further quantitative research Lipsius and Mooney 2006; Wang et al. 2006) . Results from a well-controlled 5 dye-infiltration experiment were used to evaluate the ARM equations in this study.
The main objective of this paper was to derive the ARM governing equations for soil water flow and solute transport. Validity of the newly developed ARM governing equations was evaluated by comparing predicted results using the ARM with experimental distributions of soil water content and solute concentration, as well as with predicted results using the MIM.
The active region model

Constitutive relation
The ARM includes the following two basic assumptions (Liu et al. 2005 ):
1) The whole flow domain can be divided into the active region and the inactive region, and water flow and solute transport occur in the active region exclusively;
2) The active region displays fractal properties, and the portion of the active region is not fixed but changes with the water saturation within it.
Based on the two assumptions, Liu et al. (2005) proposed an ARM constitutive relation between the fraction of the active region and soil water saturation within it.
The ARM constitutive relation is expressed as (Liu et al. 2005) :
Here f is the portion of the active region;  is the ARM parameter that is a function of the fractal dimension of flow pattern and used to characterize the heterogeneity of the preferential flow pattern;
is the effective soil saturation of the whole domain and is calculated as: Eqs. (1) and (2), we obtain
After the fraction of the active region and water content in the region are measured, the ARM parameter ( ) can be determined using Eq. (1) or (4). The parameter  is a positive value between zero and one and increases with the flow heterogeneity (Liu et al. 2005; Sheng et al. 2009 ). According to Liu et al. (2005) , the 7 ARM parameter can be expressed as a function of the fractal dimension of the flow region as follows:
where d f is the fractal dimension of the preferential flow pattern; D is the Euclidean (topological) dimension of a space; n * is a given iteration level.
Governing equations for water flow and solute transport
The governing equations for soil water flow and solute transport were derived based on the mass conservation principles and the basic concept of the ARM. By using the horizontally averaged soil water content (Liu et al. 2005; Sheng et al. 2009) , it is assumed that the soil water and solute move in the z-direction only (Fig. 1) . We derived the following governing equations for soil water flow (Eq. 6) and solute transport (Eq. 7): or (4)), the relation is directly coupled with the ARM governing equations.
as c
By taking the portion of the preferential flow region (active region) (f) as a constant, the governing equations for soil water flow and solute transport are rewrote as follows: Mathematically the ARM (Eqs. (6) and (7)) and the MIM (Eqs. (8) and (9)) are similar to the traditional continuum models for soil water flow and solute transport.
In the traditional continuum models, it is assumed that water flow and solute transport occur in the whole domain (or single domain) of the unsaturated soil (or f = 1). Therefore, numerical programs of the traditional continuum models for the single continuum model can be easily modified to simulate flow and transport using the ARM and MIM. In this study, the numerical program of the traditional continuum models, SWMS_2D (Šimůnek et al. 1994) , was modified for modeling preferential flow and transport in the soil using the ARM and the MIM.
A well-known statistical measure, the model efficiency (ME) (Loague and Green 1991; Nash and Sutcliffe 1970) , is used to evaluate the performance of the ARM and the MIM under the same conditions. The modeling efficiency is given as (Nash and (10) where O and P are the observed and predicted (simulated) values, respectively; O is the mean of the observed values. The maximum and ideal value for ME is 1.0, indicating that model predictions match the measured data exactly, while a negative value of ME indicates that model predictions are worse than using the observed mean as an estimate of the measured data (Larsson et al. 1999 ).
Field experiment
Experimental area description were collected at the depths of 0-10, 10-20, 20-50, and 50-100 cm to measure soil properties in the lab, including the soil texture, bulk density, porosity, and saturated hydraulic conductivity (Dane and Topp 2004) . The soil properties are summarized in Table 1 .
Dye solution preparation
Brilliant Blue FCF solution with a concentration of 4 g/L was prepared as the staining indication. Since the soil is sandy in the whole infiltration depth (Table 1) , adsorption and retardation of the dye were expected to be extremely low Lipsius and Mooney 2006) and the Brilliant Blue FCF was well suitable for visualizing flow patterns (Kasteel et al. 2002) . To study the solute transport behavior, potassium chloride (KCl) was added to the Brilliant Blue FCF solution with a Cl -concentration of 4 g/L (Flury and Wai 2003) .
Experimental design
The experimental site was leveled to ensure a uniform surface condition and a micro sprinkler irrigation system was used for the experiment (Fig. 2a) The measured water application uniformity was 90.2%. After irrigation, the experimental area was covered to prevent evaporation and left for 24 h to complete the infiltration process.
After 24 h of the dye solution applied, vertical soil profiles (Fig. 2a) were excavated across the experimental area (along the X-direction as showed in Fig. 2a) at a horizontal interval of 10 cm. After each profile was exposed, the surface was leveled and cleaned with a brush to remove soil particles resulted from digging.
Staining patterns were recorded during day time using a CCD digital camera, with a piece of white sheet to diffuse the light and to avoid direct radiation. Before taking photos, the four edge points of a profile were marked. Then the photos of stained patterns were corrected for geometric distortion based on the edge points using the method by Forrer et al. (2000) . Each pixel in the color images was classified as "stained" or "unstained" based on its red, green, and blue values following the procedure of Forrer et al. (2000) . Each pixel represented 1×1 mm 2 of the original soil profile.
After the visualization process, soil samples were collected along each profile at the depths of 0, 10, 20, 30, 40, 50, 60, 80 , and 100 cm and with a horizontal interval of 50 cm (Fig. 2a) . At each distinct fingering path, soil samples were collected at the horizontal and vertical intervals of 5 cm (Fig. 2b) . Soil water contents were 13 measured from the collected samples using the gravimetric method (Gardner 1986 ); Cl -concentrations were determined from measurements of the electrical conductivities of the diluted soil solutions (1:5) (Rhoades 1982 ) with a CM 40G EC meter in the lab. Similar to the study of Öhrström et al. (2004) , the effect of Brilliant Blue dye on electrical conductivity was ignored in our case. Furthermore, compared to the electric conductivities (EC) tested in the dye stained region, the ECs tested in the non-stained region were rather small (0.9 -11.4% of the dye stained region).
Therefore, the initial Cl -concentration was set to be 0 in the whole infiltrated soil layer and the Cl -concentrations of the dye stained region were estimated directly from the measured EC values. As the climate was arid and the soil was almost pure sand, it was assumed that the initial soil water contents within the stained and unstained regions were not significantly different after long-time soil water redistribution (Sheng et al. 2009 ). In addition, the upper 30 cm soil layer was tilled before experiment, which uniformed the initial soil water contents between the stained and unstained regions and changed the preferential flow paths between the upper and deeper soil layers. Undisturbed soil core samples were collected within the profiles at X = 0, 150, and 300 cm and the depths of 0, 20, 50, and 100 cm in each profile to measure the soil water retention curve in the lab (Klute 1986 ).
14 Determination of the hydraulic and transport parameters As indicated in Table 1, (Fig. 4) , while the soil water content of the stained region (Fig. 5a ) increases with the infiltration depth first within the soil layer to a depth about 40 cm and then decreases with the depth from the maximum soil water content to the initial soil water content. The different distributions of dye coverage and soil water content of the stained region were attributable to the soil water redistribution within the upper soil layer during the experiment period, resulting in shrinkage of the active region over the layer.
However, the dye-stained region could not shrink along with the active region, which means that only a portion of the dye-stained region acted as the active region in the upper 40 cm of soil layer. On the other hand, within the deeper soil layer (below 40 cm), the infiltration process was going on at the end of experiment, and the dye stained region coincided with the active region in this soil layer. Therefore, the ARM parameter (  ) was determined by fitting Eq. (4) with the data of soil water content and fraction of the dye-stained region within the soil layer below 40 cm.
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The fitting result is shown in Fig. 6 with a fitted  value of 0.4
.
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The relative root mean square error (RRMSE) analysis (Basile et al. 2006 ) indicated that the data from the soil layer below 40 cm matched the fitted result very well (RRMSE = 6.9%).
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Simulation results
Based on the experimental setup and tested results, the simulation domain was set as a soil column of 120 cm. The atmospheric boundary condition was used for the upper boundary (Šimůnek et al. 1994 ) and the bottom boundary was set as the specific pressure head condition. The initial soil water content was taken from the initially measured soil water content distribution and the initial Cl (Fig. 7a and b) and MIM ( Fig.   8a and b) were compared to the experimental results. Note that the dye stained region may be the totally active or partially active regions for the ARM and is the mobile region for the MIM.
Under the same infiltration conditions, the predicted maximum infiltration depth using the ARM was 86 cm, which was 93% of the measured maximum infiltration depth (Fig. 7a) . The predicted maximum infiltration depth using the MIM was 77 cm, 83% of the measured maximum infiltration depth (Fig. 8a) . The different predicted results were attributable to the different treatments of the flow region in the two models: the flow region (i.e. the active region) is variable and positively correlated with the soil water content within it in the ARM; the flow region (i.e. the mobile region) is fixed and keep unchanged during the flow process in the MIM.
The changeable active region in the ARM resulted in higher soil water content and thus higher unsaturated hydraulic conductivity than those in the flow region of the MIM. Accordingly, in the ARM a higher hydraulic pressure gradient was also formed at the infiltration front than in the MIM. For a given infiltration flux, a larger value of  corresponds to a smaller active region and generates a faster preferential flow pattern. Fig. 7a also shows that the simulated distribution of soil water content of the active region deviates obviously from the measured distribution of soil water content of the stained region in the upper 40 cm soil layer (ME = -2.11). As the active region of the soil layer above 40 cm shrank after 24 h infiltration and was much smaller than the dye stained region, the predicted soil water content in the active region differed from the measured results in the upper soil layer. However, within the soil layer below 40 cm, the simulated distribution of soil water content of the active region matched the measured distribution of soil water content of the stained region well (ME = 0.83). The result also supports that the active region only coincided with the stained region in the soil layer below 40 cm. Although the simulated distribution of soil water content of the active region deviated much from the measured distribution in the soil layer above 40 cm, the simulated distributions of soil water content of the stained region and of the whole region were rather similar to the measured results of soil water content of the stained region and of the whole region in the whole infiltrated soil layer (with MEs equal to 0.84 and 0.90, respectively), respectively. These results indicated that the ARM could well capture the major behavior of preferential soil water flow in the unsaturated soil, especially considering that the only required information is the ARM parameter ( ), which was directly determined from the field data. Fig. 7b shows that the predicted distribution of Cl -concentration of the active region deviate much from the measured Cl -concentrations of the stained region in the upper 40 cm soil layer (ME = -18.69), whereas the predicted and measured results agree well in the soil layer deeper than 40 cm (ME = 0.80). Different from the distribution of predicted soil water content of the active region (Fig. 7a) respectively. As the fraction of the flow region is a variable in reality (Larsson et al. 1999; van Dam et al. 1996) , it is expected that the ARM provides more accurate predictions than the MIM.
Note that the ARM was developed for describing the macroscopic flow behavior, rather than detailed flow patterns in the unsaturated soil (Liu et al. 2005) . Therefore, the ARM cannot be applied to describe the detailed soil water and solute distributions in the simulation domain. Nevertheless, given the mathematical simplicity of the ARM and the complexity of the flow patterns, the consistency of the holistic behavior (distributions of horizontally averaged soil water content and solute concentration) between the ARM predictions and the observations is remarkable. The horizontally averaged flow and transport behavior may be of most interest for practical soil contamination problems.
Results from this study also suggest that the ARM can be further improved by (1) more accurately considering mass transfer between the active and inactive regions and (2) relaxing the assumption that inactive region is completely immobile. More research is needed along these lines.
Summary and conclusions
Based on the concept of the ARM, new governing equations were derived for 21 modeling of preferential water flow and solute transport in the unsaturated soil. A field dye infiltration experiment was conducted to evaluate the governing equations for predicting the distributions of soil water content and solute concentration under the preferential flow process.
Distributions of the measured soil water content and fraction of the dye stained region indicated that the dye stained region was not coincident with the active region in the whole infiltrated soil layer of the field experiment. As the active region may shrink and be smaller than the dye stained region in the upper soil layer, not all the data from the whole soil layer should be used to fit the ARM parameter ( ). For this experimental data set,  was estimated using the data of soil water content and fraction of the dye stained region from the soil layer below 40 cm.
Simulated distributions of soil water content and Cl -concentration of the active region (only for ARM), the dye stained region, and the whole region using the ARM and the MIM were compared with the experimental data. The performances of the ARM and MIM were evaluated using the modeling efficiency (ME). The ME results showed that the ARM was able to capture the macroscopic (horizontally averaged) behavior of the preferential flow and transport, whereas the MIM did not provide reasonable predictions of the processes. Therefore, the ARM is a valuable improvement over the MIM. The ARM can be further improved by more accurately 22 considering mass transfer between the active and inactive regions and relaxing the assumption that inactive region is completely immobile. Fig. 1 schematically shows the vertical water flow occurring in a rectangular soil unit volume. Because the horizontally averaged soil water content is used in the ARM (Liu et al. 2005; Sheng et al. 2009) , it is assumed that the soil water flows in the z-direction only. According to the mass conservation principle, we obtain the water conservation equation for the system during an arbitrary small time period between and t 
where  (1/cm), , and n n m 1 1   are parameters; is the saturated hydraulic conductivity of the active region. 
